The search for effective strategies for peripheral nerve regeneration has attracted much attention in recent years. In this study, ordered collagen fibers were used as intraluminal fibers after nerve injury in rats. Vascular endothelial growth factor (VEGF) plays an important role in nerve regeneration, but its very fast initial burst of activity within a short time has largely limited its clinical use. For the stable binding of VEGF to ordered collagen fibers, we fused a collagen-binding domain (CBD) to VEGF through recombinant DNA technology. Then, we filled the ordered collagen fibers-CBD-VEGF targeting delivery system in a collagen tube to construct natural neural scaffolds, which were then used to
Introduction
Peripheral nerve injury occurring after trauma may result in poor recovery of function and a subsequent decrease in patient quality of life [1, 2] . In contrast to the central nervous system, the peripheral nervous system (PNS) has the ability to regenerate following a nerve lesion [3, 4] . However, complex injuries with substantial loss of nerve tissue and a subsequent defect between the nerve ends often require surgical intervention for functional restoration [5] . Currently, the gold standard for restoration of structural and functional nerve regeneration is bridging the defect with an autologous nerve graft, harvested from another site in the body. However, nerve autografts are limited because the process involves sacrifice of one or more healthy nerves, and there may be limited availability of donor tissue [6] . The disadvantages associated with autologous nerve grafts have inspired the search for artificial substitutes that are effective for peripheral nerve reconstruction. Today, tissue engineered nerve grafts composed of a biomaterial and/or growth factors may be the ideal option among the various alternatives [7] .
Collagen is the major component of the extracellular matrix (ECM) and widely dispersed in the PNS [8, 9] . Collagen is a natural biomaterial that can be used for nerve repair due to its high abundance, low antigenicity, excellent biocompatibility, and biodegradability [10] . In this work, a collagen tube was used to bridge transected nerve stumps and sustain nerve regeneration.
A previous study showed that hollow nerve guidance conduits failed to match the regenerative levels of the autograft and showed poor functional recovery [11] . The inadequate levels of regeneration in a hollow nerve guidance conduit may be attributable to the poor formation of extracellular matrix components during the initial stages of regeneration [12, 13] .
Thus, in our study, ordered collagen fibers (OCFs) were used in an aligned ECM bridge to facilitate migration of native Schwann cells (SCs) into the site of the lesion and the formation of glial bands of Büngner. The use of regeneration-promoting factors is another strategy for nerve functional recovery.
A previous study showed that vascular endothelial growth factor (VEGF) could promote invasion of SCs and neovascularization, which are important steps in nerve regeneration [14] . However, simple delivery of VEGF has no long-term effect because the half-life of VEGF is too short (30-45 min) and metabolic degradation is too fast for sustained activity at the target site for enough time [15] . To increase the immobilization of VEGF on OCFs, we constructed collagen-binding VEGF (CBD-VEGF) by fusing a collagen-binding domain (CBD), consisting of seven amino acids (TKKTLRT), to the C-terminal of native VEGF through recombinant DNA technology ( Figure 1A) . The CBD-VEGF bound stably to the collagen without loss of its biological activity. Then, it was loaded on the OCFs to develop an OCFs-CBD-VEGF targeting delivery system, which was then placed in a collagen tube at a sciatic nerve injury site to promote nerve regeneration.
In this work, the collagen tube filled with the OCFs-CBD-VEGF targeting delivery system was used as a natural neural scaffold to bridge the defect in the rat sciatic nerve ( Figure 1B ). Regenerative outcomes were evaluated at 6 and 12 weeks after grafting by functional, morphological, and histological assessments. 
Results

General Observation of the Regenerated Nerve
At 12 weeks post-surgery, we found no conspicuous sign of systemic or regional inflammation in rats in the grafted groups. The little immune rejection elicited following implantation in the body was likely because the collagen materials, including the collagen tube and OCFs, are poorly immunogenic. The natural neural scaffolds were replaced by a tissue with nerve-like appearance, which repaired the sciatic nerve defect and joined the stumps.
Motor Functional Assessment of Nerve Regeneration
Walking track analysis was performed to assess the recovery of locomotive function in the rats. The sciatic function index (SFI) values reflect the degree of nerve function. Rats in the four grafted groups showed time-dependent increases in SFI values due to partial functional recovery. However, the SFI value in the empty tube group showed no obvious change. At week 12, the SFI values between the OCFs + CBD-VEGF group and the autograft group were not statistically significantly different (n = 5, p > 0.05). In contrast to the empty tube group, the OCFs + PBS group showed significantly better SFI levels at weeks 10 and 12 (n = 5, p < 0.05) (Figure 2 ). 
Sensory Function and Retrograde Tracing Findings
The latency of retraction of the experimental paw from hot water was evaluated. The retraction time in the OCFs + CBD-VEGF group was significantly shorter than the OCFs + PBS group ( Figure 3B ). In the empty tube group, sensory function did not change significantly with time. There was no significant difference between the OCFs + CBD-VEGF group and the autograft group (n = 5, p > 0.05).
From the results of FG-retrograde tracing performed at 12 weeks, we found FG-labeled neurons in the DRGs in all four groups, indicating that reconnection had occurred between the proximal and distal stumps. The OCFs + CBD-VEGF group showed more nerve fibers connecting the defect than in the OCFs + PBS group ( Figure 3A) . 
Electrophysiological Analysis
An electrophysiological analysis was performed to assess functional reinnervation through the defect. In terms of NCV at 12 weeks after implantation, the value in the autograft group was highest, while it was lowest in the empty tube group. The NCV in the OCFs + CBD-VEGF group was significantly higher than in the OCFs + PBS group (n = 4, p < 0.01) ( Figure 4 ). 
Immunohistochemical Evaluation
At 6 and 12 weeks postimplantation, nerve regeneration behavior was observed under a scanning laser confocal fluorescence microscope (NF for axon fibers, RECA-1 for blood vessels; Figure 5 ). The OCFs + CBD-VEGF group showed more axonal regeneration ( Figure 6B ) and capillary vessel formation ( Figure 6C ) than the OCFs + PBS group (n = 5, p < 0.01). The blood vessel density in the OCFs + CBD-VEGF group was significantly higher than in the other groups (n = 5, p < 0.01). Immunostaining images of the Schwann cell marker S-100 were taken with a light microscope ( Figure 6A ). The percentage of S-100-positive stained area showed no significant difference between the OCFs + CBD-VEGF group and the autograft group (n = 5, p > 0.05) ( Figure 6D ). 
Histological Assessment
From the results of HE staining, the regenerated nerve in the OCFs + CBD-VEGF group and the OCFs + PBS group showed well-ordered structures compared with the empty tube group ( Figure 7A ). The group treated with OCFs + CBD-VEGF showed a larger axon diameter (n = 5, p < 0.01) ( Figure 7B ,D) and a thicker myelin sheath (n = 3, p < 0.05) ( Figure 7C ,E) than those in the other two grafted groups, indicating better nerve regeneration.
Muscle-Mass Ratio and Masson's Trichrome Staining
Sciatic nerve injury may result in denervation of target muscles, followed ultimately by muscle atrophy. The wet weight ratio was assessed and Masson's trichrome staining was performed to evaluate the extent of reinnervation of target muscles at 12 weeks. The OCFs + CBD-VEGF group showed significantly greater wet weight of muscle and larger muscle area compared to the OCFs + PBS group (n = 4, p < 0.05), indicating better recovery from muscle atrophy (Figure 8 ). There was no significant difference in the muscle area between the OCFs + CBD-VEGF and autograft groups (n = 4, p > 0.05). 
Discussion
Ideal tissue engineered nerve grafts have been sought for peripheral nerve repair [16] . Collagen materials were used in our study for bridging extended neural gaps. There was no adverse tissue reaction or serious adhesion at the injury site, likely due to collagen's excellent biocompatibility. The results in the empty tube group indicated that using a hollow nerve guidance conduit alone for nerve regeneration is not sufficient. Without the formation of an aligned ECM bridge in the nerve guidance conduit, the migration of native SCs into the site of the lesion was limited. This may lead to a reduction in the formation of glial bands of Büngner, essential trophic and topographical guidance structures for regenerating axons [12, [17] [18] [19] .
One strategy is the addition of structural intraluminal guidance cues, which may act as a replacement for an unformed or incomplete ECM bridge [20] . In our study, the OCFs, another collagen biomaterial, were used to recapitulate the hierarchical organization and biological function of the native ECM, which is beneficial in promoting nerve regeneration. Despite this, merely providing physical guidance is apparently insufficient, and additional trophic support in the form of biochemical signals is also required [21] .
In this study, VEGF was used to activate the collagen materials because of its important role in peripheral nerve regeneration. Delicate control of VEGF protein, in both dosage and localization, is important to enhance its local therapeutic efficacy and decrease possible adverse effects. A previous study showed that CBD could bind specifically to collagen [22] . Thus, CBD was fused to VEGF to use its special binding ability to OCFs. The immobilization of CBD-VEGF on OCFs at the injury site could lead to a high local concentration and prolonged biological effect. This target delivery system (OCFs-CBD-VEGF) was demonstrated to promote nerve regeneration effectively after the injury.
In the current study, the CBD-VEGF in the natural neural scaffolds greatly promoted the outgrowth of Schwann cells and neovascularization following nerve regeneration. Schwann cells are the richest source of neurotrophic factors for peripheral nerve regeneration. Moreover, the newly formed blood vessels in the graft could facilitate the outgrowth of axons by providing sufficient nutrients and oxygen. After functional and histological analyses, the rats treated with CBD-VEGF exhibited the most effective nerve regeneration behavior compared with the other two grafted groups. Moreover, in some analyses, such as the walking track analysis, retraction time, S-100-positive staining area, and muscle-positive staining area, the OCFs + CBD-VEGF group had similar results as the autograft group, with no statistically significant difference between them.
OCFs can guide the direction of nerve regeneration ( Figure 7A ). According to a previous study, oriented regrowth guidance played an important role in nerve regeneration and functional recovery [23] . After injury, the regenerated nerve fibers may disperse in the nerve guidance conduit. Misdirected regrowth may result in inappropriate target reinnervation and dysfunctional connections [24] [25] [26] . It was demonstrated by our results that OCFs could provide the regenerating nerve with correct linear order guidance for growth, which may contribute to the functional recovery in the OCFs-treated group compared with the empty tube group ( Figure 2B ).
The use of CBD-VEGF may be practical for clinical use. The application of free VEGF to nerve injuries has no long-term effect on nerve regeneration because of the rapid diffusion and short half-life time in body fluids [27, 28] . To sustain an effective VEGF concentration at the injury site, high doses or periodic injections are required, which become expensive and/or impractical. Furthermore, high doses of VEGF can lead to the formation of hemangiomas, and the diffusion of VEGF may cause undesirable side effects elsewhere [29] . Transplanting genetically modified cells that overexpress VEGF to accelerate tissue healing may result in immunological rejection [30, 31] . Using an adeno-associated viral VEGF gene may present safety problems [32, 33] . Use of a mini-osmotic pump to deliver VEGF may cause infection [34] . Some materials have low affinities for VEGF and the covalent conjugation that has been used to immobilize VEGF on materials may be harmful to the human body [35] . The strategy used here to deliver VEGF required no toxic reagents and enables VEGF conjugation via mild reactions without loss of its biological activity. This is in contrast to covalent conjugation through conventional condensation reactions.
Material and Methods
Preparation of OCFs and Collagen Tubes
OCFs were prepared from bovine aponeuroses according to our previous report, with minor modifications [36] . Fresh white aponeuroses were separated from muscles and cleaned with cold distilled water. Residual muscle, connective tissue, fat, and cellular components were removed with 1% tri(n-butyl) phosphate (TnBP; Aldrich, Munich, Germany) in 50 mM Tris-HCl buffer (pH 8.0) for 48 h at 4 °C. After removing the residual agents, OCFs were separated from the processed aponeurosis followed by freeze-drying. The collagen tube was fabricated from collagen membrane (Zhenghai Biotechnology, Shandong, China). Briefly, after immersion in distilled water, the collagen membrane was rolled on a cylindrical mold. Then, collagen solution was evenly spread on the rolled collagen membrane. After air-drying, the collagen tube was treated with cross-linking solution (30 mM 1-ethyl-3-(3-dimethyllaminopropyl)carbodiimide hydrochloride (EDC) and 10 mM N-hydroxysuccinimide (NHS) in 50 mM Fatty Acid Methyl Ester Sulfonate (MES) solution, pH 5.5) for 12 h. After washing with NaH2PO4 (0.1 M) and distilled water, the collagen tube was removed from the mold, followed by freeze-drying. OCFs and the collagen tube ( Figure 9A ) were sterilized by 60 Co irradiation before use. The surface morphology of OCFs was analyzed by scanning electron microscopy (SEM; Hitachi, Tokyo, Japan; Figure 9B ). 
Production of CBD-VEGF
CBD-VEGF was prepared as described previously [37] . The gene for CBD-VEGF was generated by polymerase chain reaction (PCR), and then inserted into plasmid pET-28a. After BL21(DE3)-strain Escherichia coli were transformed with the target vector, protein expression was induced with 1 mM isopropyl β-D-thiogalactopyranoside (IPTG) for 5 h. Then, the protein was purified by nickel chelate chromatography with HiTrap heparin HP columns (GE Healthcare, Chalfont St Giles, UK). Finally, 0.1 nM protein was loaded on a bundle of OCFs for 30 min before transplantation.
Animals and Surgical Procedure
All experimental procedures were performed according to the guide for the care and use of laboratory animals from National Institutes of Health and approved by the Animal Experimental Committee of Fudan University (Shanghai, China).
Adult female Sprague-Dawley rats, weighing 200-220 g, were used to evaluate nerve regeneration performance. The animals were randomized into three grafted groups and an autograft group (n = 21 each). Animals were anesthetized by intraperitoneal injection of sodium pentobarbital (40 mg/kg body weight) before the sciatic nerve was exposed by making a skin incision and splitting the underlying muscles in the right lateral thigh. The nerve segment was removed and replaced by a 8-mm-long collagen tube. After that, the sciatic nerve defect was bridged by: (1) an empty collagen tube; (2) a collagen tube + OCFs + PBS; or (3) a collagen tube + OCFs + CBD-VEGF ( Figure 2C ). In the autograft group, the removed sciatic nerve segment was rotated 180° and sutured to both nerve stumps. After surgery, animals in all groups were housed in their cages and fed routinely under normal conditions.
Functional Assessment of Nerve Regeneration
Walking track analysis was performed in all animals every other week. The sciatic function index (SFI) value was calculated using the formula proposed by Bain et al. [38] . The paw length (PL), toe spread (TS), and intermediary toe spread (ITS) were collected on both the normal (N) and the experimental (E) hind legs. The SFI varies from 0 to −100: scores around 0 indicate normal nerve function and around −100 indicates complete loss of function.
Assessment of Sensory Recovery
To evaluate the recovery of sensory nerve function, we measured the foot withdrawal reflex elicited by a hot water stimulus every other week [39, 40] . Briefly, the plantar surface of the right paw was immersed in a 50 °C water bath until the rat first lifted the hindpaw. If the rat did not retract within 5 s, its hind paw was removed from the water to prevent tissue damage. The time interval was recorded by an investigator blinded to the group assignments.
Fluorogold Retrograde Tracing
Retrograde tracing with the retrograde fluorescent tracer Fluorogold (FG; Fluorochrome, Denver, CO, USA) was used to examine the reinnervation between proximal and distal stumps. At 10 weeks post-transplantation, after rats were anesthetized, the surgical site was re-opened. Then, 3 μL of 5% (5 mg/100 μL, dissolved in saline) Fluorogold were injected at the site 4 mm from the distal transplant-sciatic nerve interface. Animals were sacrificed 2 weeks after injection, and the dorsal root ganglia (DRG) at L4-L6 were dissected. The specimens were frozen immediately at −80 °C and cut into transverse 10-µm-thick sections on a freezing microtome. The sections were mounted on positively charged slides followed by observation under a fluorescence microscope (Carl Zeiss, Jena, Germany).
Electrophysiological Assessment
Electrophysiological tests were carried out on rats 12 weeks after surgery. Under anesthesia, the injury site was carefully re-exposed and dissected from the surrounding tissues. A stimulating electrode was placed in the proximal end of the nerve trunk, while two recording needle electrodes were placed in the proximal and distal end of the nerve trunk. A ground electrode was placed in the surrounding muscle tissues to remove conduction of stimulation through muscle tissues. Nerve conduction velocity (NCV) was recorded using an electromyography system (RM6240, Chengdu, China).
Immunohistochemical Evaluation
Animals were sacrificed at 6 and 12 weeks for immunohistochemical analyses. The distal ends of regenerated nerves were dissected carefully, post-fixed overnight at 4 °C, transferred to 20% sucrose (3 days at 4 °C) and then 30% sucrose (3 days at 4 °C). After snap-freezing in liquid nitrogen, they were cut into transverse sections 10 µm thick. The specimens were stained with primary antibodies against neurofilament-200 (NF, 1:500 dilution, Abcam, Cambridge, MA, USA) and rat endothelial cell cytoplasmic antigen (RECA-1, 1:100 dilution, Serotec, Kidlington, UK). Detection was accomplished by incubation with Alexa 488-conjugated donkey anti-rabbit secondary antibody (Invitrogen, Grand Island, NY, USA) and Alexa 594-conjugated donkey anti-mouse secondary antibody (Invitrogen) for 1 h. Hoechst 33342 was used for nuclear staining. The stained sections were observed under a scanning laser confocal fluorescence microscope (Leica, Wetzlar, Germany).
Specimens for anti-S-100 staining were embedded in paraffin wax and then cut into 5-μm transverse sections. After antigen retrieval, the sections were incubated with mouse anti-S-100 antibody (1:100 dilution, Zeta, Sierra Madre, CA, USA) overnight at 4 °C. After incubation with secondary antibody (goat anti-mouse IgG, Invitrogen) and then with HRP-streptavidin (Jackson Immunoresearch, West Grove, PA, USA), the stained sections were observed under a light microscope (Nikon, Tokyo, Japan). The percentage of S-100 (positive staining area/total area) in each photograph was calculated using the Image-Pro Plus software (Media Cybernetics, Rockville, MD, USA).
Histological Evaluation
At week 12, the regenerated nerves were fixed in 4% (v/v) formaldehyde for 48 h and then embedded in paraffin wax and cut into 5-μm-thick longitudinal sections that were then stained with hematoxylin and eosin (HE) to detect structures.
Luxol fast blue (LFB) staining was conducted for the myelin sheath at week 12. The transverse section was placed in 95% alcohol and stained in LFB solution (Sigma, St. Louis, MO, USA) overnight at 37 °C. After differentiation in lithium carbonate solution and 70% ethyl alcohol, the slide was counterstained with cresyl violet. Finally, the slide was mounted with resinous medium and examined under a light microscope (Nikon). The diameters of the myelinated axons in each photograph were evaluated using the Image-Pro Plus software.
For transmission electron microscopy (TEM) analysis, the distal end of regenerated nerve at week 12 was cut into transverse ultrathin sections of 50-60 nm thick to observe myelin sheath regeneration. The sections were stained with lead citrate and uranyl acetate and then examined by TEM (H-7650B, Hitachi, Tokyo, Japan). The thickness of myelin sheaths in each photograph was evaluated using the Image-Pro Plus software.
Muscle-Mass Ratio and Masson's Trichrome Staining
At 12 weeks after implantation, the gastrocnemius muscles of the implanted (left) and contralateral normal (right) sides were dissected. The muscle-mass ratio (wet weight of right side/left side) was measured to evaluate the muscular atrophy caused by sciatic nerve denervation. Then, the midbellies of the muscle samples were embedded in paraffin wax and cut into 5-μm-thick transverse sections for Masson's trichrome staining. The percentage of muscle fibers (positive staining area/total area) was calculated using the Image-Pro Plus software.
Statistical Analysis
Data are presented as mean ± standard deviations (SD). Statistical analysis was performed with one-way Analysis of Variance (ANOVA) followed by the Student-Newman-Keuls (SNK) post hoc test using the SPSS software (version 13.0, SPSS Inc., Chicago, IL, USA). Differences were considered statistically significant at p < 0.05 (indicated as * p < 0.05 or ** p < 0.01).
Conclusions
In the present study, natural neural scaffolds constructed from collagen tubes, filled with the OCFs-CBD-VEGF targeting delivery system, were used to reconstruct nerve defects in adult rat sciatic nerves. As can be seen from the findings, the natural neural scaffolds achieved satisfying nerve regeneration outcomes associated with morphological and functional improvements that were similar to those of the autograft. The natural neural scaffolds described may be an effective therapeutic technique for peripheral nerve regeneration.
